The kinetics of the drying process in continuous drum dryers differs from the drying of single objects in a batch mode. Drying process is affected by too many factors; hence, it is practically impossible to obtain an analytical solution from the initial equations of heat and mass transfer, since the duration of drying depends on the operating parameters. Therefore, it is of high theoretical and practical importance to create a highly efficient rotary drum dryer. Its design should be based on an integrated research of non-stationary processes of heat and mass transfer, hydrodynamics of fluidized beds, and drying kinetics in the convective heat supply. The experiment described in the present paper featured sunflower seeds. It was based on a systematic approach to modelling rotary convective drying processes. The approach allowed the authors to link together separate idealized models. Each model characterized a process of heat and mass transfer in a fluidized bed of wet solids that moved on a cylindrical surface. The experiment provided the following theoretical results: 1) a multimodel system for the continuous drying process of bulky materials in a fluidized bed; 2) an effective coefficient of continuous drying, based on the mechanics of the fluidized bed and its continuous dehydration. The multimodel system makes it possible to optimize the drying process according to its material, heat-exchanger, and technological parameters, as well as to the technical and economic characteristics of the dryer.
INTRODUCTION
The general theory of heat and mass transfer in capillary porous and other dispersed media belonged to Prof. Lykov. It was based on the thermodynamics of irreversible processes and the theory of generalization of variables. According to Prof. Lykov, sets of equations are to be solved as a single complex process [1] .
The theory of heat and mass transfer is based on solving sets of linear equations with boundary conditions, which corresponded to constant and variable potentials in a medium that varied according to established laws. Thus, it was intended for stationary material and medium [2] .
To intensify and improve technological processes, one needs reliable, physically valid modelling methods [3] . This is especially important for energy-intensive drying processes of wet solids in a fluidized bed that is moving along a cylindrical surface, e.g. drum dryers [4] .
In this paper, modelling means a physical analysis of heat and mass transfer, as well as the hydrodynamics of the processes that occur a rotary drum dryer, their mathematical description, and possible solutions by analytical or numerical methods involving various software [5] . The analytical and numerical methods were based on preliminary data on the kinetics of drying and heating of individual particles. Such information was obtained either from the available model representations or from experimental data. In most cases, preference was given to direct experimental data, which took into account possible effects of anisotropy of heat and mass transfer properties and irregular geometric shape of particles of real solids.
An adequate description of the continuous drying technology of wet solids in a fluidized bed requires an integrated approach to the problem. Such an approach requires a system analysis of hydrodynamic, diffusion, and thermal processes complicated by an overlap Fig. 1 . Multimodel system of transfer phenomena. of various phenomena. A complete theoretical picture of a continuous drying process should be based on a mathematical model that would link a set of typical structures, or idealized models, each of which reflects a particular type of transfer or transformation. The optimal way to develop a new drying technique is to combine the multimodel system of drying processes with experimental studies on the kinetics of moisture removal in a fluidized bed [6] .
The research objective was to develop a multimodel system for the continuous process of drying and heat transfer in a fluidized bed of wet solids.
STUDY OBJECTS AND METHODS
The study was based on a complex of general and specific scientific methods. The general scientific methods involved analysis and synthesis, testing a theory with practice, interpretation of the results obtained, etc. The specific scientific methods included the abstract logical method, the method of modelling, the empirical method, the method of statistical probability, etc. The theoretical and methodological foundation of the research included studies conducted by Russian and foreign experts in the field of drying, such as Ginzburg, Frolov, and Lykov.
The research featured sunflower oil seeds.
The thermophysical characteristics of the vegetable raw material were determined according to the non-stationary thermal mode method of two temperature-time points developed by Volkenstein. The method of differential thermal analysis was used to identify the intervals of temperature zones of moisture evaporation with different forms and energy of moisture binding with the material. It was accompanied by the method of differential scanning calorimetry, which was used for quantitative measurement of heat flows that occurred when the trial sample and the control sample were undergoing a simultaneous programmed heating. The methods of high-performance gas chromatography, atomic absorption spectroscopy, infrared spectroscopy, capillary electrophoresis, and acid hydrolysis were used to determine the content of vitamins, amino acids, and other quality indicators of the wet solids. The measurement errors did not exceed the values established in the current standards for quantitative analysis of the quality indicators of the wet solids. The main part of the theoretical and experimental research was carried out on the premises of the Voronezh State University of Engineering Technologies (Voronezh, Russia) and the Bobrovsky Vegetable Oil Plant (Bobrov, Russia).
The research objective was achieved by the synthesis and analysis of classical and novel analytical and empirical methods in the sphere of heat and mass transfer and food dehydration studies. The obtained relations, the approximating equations, and the simulation results corresponded with the experimental data. The measurement results underwent statistical processing. The procedures and design solutions did not contradict the established methods of rational design and engineering. Modern computer mathematical programmes, instruments, and authentic trial equipment were used to conduct the experiments and test the physical and mathematical models of the drying and steam treatment processes.
The systematic approach in modelling the convective drying processes. The process of continuous drying is an original research subject that can be marked as a certain system S, while the model of the drying process M represents a different system. According to the systematic approach principle, the drying process interacts with the external environment E. Depending on the research objective, the study may feature different ratios between the subject and the external environment. These relations represent a model of relations of the external environment with the subject. Since our ideas of the subject and the external environment are also models, the following models can be proposed: M S is the model of the subject S, M F is the model of external environment at the inlet, M T is the model of external environment at the output, M FS is the model of the connections between the external environment and the subject at the inlet, and M ST is the model of the connections between the external environment and the subject at the output.
The combination of all these models
forms a multimodel system of transfer phenomena ( Fig. 1) .
A drum dryer as a subject of system modelling of non-stationary processes. Fig. 2 shows the experimental drum dryer used in the study of the continuous drying process.
The pressure type fan (2) was fixed on the angular steel frame (1). The fan was designed to supply atmospheric air through the duct (4) into the heater (6) . The heater consisted of several sections. The flow rate of the air supplied to the heater was regulated by means of the gate valve (5) . The temperature and the relative humidity of the air entering the drying chamber were measured with the dry (7) and the wet (8) thermometers.
At the core of the whole design there was a steel drum (11) with a diameter of 0.3 m and a length of 1.3 m. On the inner surface of the drum there was the channel nozzle (12) . The nozzle contained longitudinal slots to feed the drying agent to the bed of wet granular material. The drying drum (11) was supported by two pairs of rollers (13) . It was driven by the electric motor (26) and the gearbox (24), which were kinematically interconnected by the chain transmission (25).
During the drying process, the drying agent was supplied directly to the zone of the channel nozzles under the dryable material.
The pipe (9) was assembled on the body of the loading chamber (10) . The pipe fed the wet bulk material to the drying drum. The spiral rotation of the drum moved the material to the discharge chamber (14) .
The retaining ring (15) was assembled on the end surface of the drum. The ring slid in the groove of the fixed flange (16), through which the bulk material was continuously unloaded. During the drying process, the interior of the drum (11) was under a slight negative pressure due to the fact that the performance of the fan (21), which took away the waste drying agent, was several times higher than that of the delivery fan (2) .
The temperature control of the drying agent was carried out directly in the bed of the wet solids. The thermocouples (17, 18, and 19) were installed on the bracket (20) (Fig. 2, view B) .
The temperature was recorded with the electronic automatic self-recording potentiometer (23).
The relative humidity of the waste drying agent was measured with the hygrometer (22), a sorption-frequency single-channel digital device. The semiconductor thermoanemometer (27) measured the speed of the drying agent at the inlet and the outlet of the drum, as well as above and below the surface of the bed.
The angle of the drum, the frequency of its rotation, and the speed and temperature of the drying agent were set at the initial stage of the experiments. After that, there began a continuous supply of proportioned wet bulk material. Over the next 60-70 min, the material was sampled to measure its thermophysical characteristics, while the process of wet material feeding continued in the same mode. After the sampling, the feeding of the wet bulk material to the drying drum and the movement of the drum stopped simultaneously. The speed and the temperature of the drying agent remained constant, according to the experimental conditions. After that, all the material was discharged from the drum into the receiving container, and its volume and weight were measured.
Taking into consideration the design feature of rotary drum dryers and the methods of continuous drying of wet solids in a fluidized bed, the model of continuous drying process can be represented as a multimodel system of transfer phenomena (Fig. 3) .
The continuous drying process as a system of transfer phenomena. The model of the continuous drying process of wet solids in a fluidized bed displays the properties of the material and the coolant and the nature of non-steady processes that occur in the fluidized bed. It also makes it possible to improve the drying at various initial parameters of the material and the coolant.
The model of the product subjected to drying and the coolant connects the model of the system with the external environment and control actions. It also calculates the properties of the material and the coolant.
The following models of transfer phenomena correspond with the continuous process in a rotary drum dryer ( Fig. 3 ): -the model of the product subjected to drying; -the coolant model; -the model of the movement of the wet solids on the cylindrical surface; -the model of the coolant fed to the fluidized bed; -the hydrodynamic model of the fluidized bed; -the model of the complex heat and mass transfer; -the model of the drying process in the fluidized bed; and -the model of the technical and economic characteristics.
The model of the product subjected to drying. If we consider the wet product as a subject of drying with its moisture content, temperature, density of individual particles, and average linear dimensions, we can construct a mathematical model of the technological properties of the bulk material [8] . The model can describe the physical properties necessary for hydrodynamic and heat transfer processes. In this case, the linear dimensions of the bulk material determine its volume, surface area, equivalent diameter, sphericity (non-sphericity) coefficient, and the specific surface area. The equilibrium moisture, angle of repose, and the bulk density of the wet solids are determined depending on their humidity and the moisture of the drying agent. The specific heat is determined depending on the temperature of the product.
The model of the product subjected to drying. Let us consider the wet solids as a subject of drying, characterized by moisture content, temperature, density of individual particles of the product, and average linear dimensions. By doing so, we can construct a mathematical model of the technological properties of the wet solids [8] . The model describes the physical properties necessary for conducting hydrodynamic and heat transfer processes. In this case, the linear dimensions of the bulk material are determined by its volume, surface area, equivalent diameter, sphericity coefficient (non-sphericity), and the value of specific surface. Equilibrium moisture, angle of repose, and the bulk density of the wet solids are determined depending on their humidity and the moisture of the drying agent. The specific heat depends on the temperature of the product.
The coolant model. The wet and heated atmospheric air is considered as a binary mixture of the components of dry air and steam [9] . The parameters of the drying are calculated by the method of superposition of the component parameters. Tables and various functional and empirical relations are used to calculate the parameters of the components.
The model of the movement of wet solids on the cylindrical surface. In drum dryers, the material is dried in a fluidized bed while it is purged with a drying agent [5] . Fig.4 shows the flow chart of the bulk material in the transverse direction.
The angle of the bed in the cross section is determined by the angle of repose of the bulk material. It is assumed that the trajectory of the particles passes along a radial arc, whose radius equals the distance from the axis of the drum. When the particle gets to the end of the arc and surfaces, it falls down along the chordal surface of the flow.
The particle moves in the axial (translational) direction only if the flow surface has a certain axial angle, i.e. when there is a difference in the levels of the bed at the inlet and the outlet holes of the drum.
During translational motion, the trajectory of the particle follows the chordal plane. In this case, the trajectory is not perpendicular to the axis of the drum: it forms a < 90° angle with it and is perpendicular to the plane passing through the middle of the chords.
The model of the coolant fed to the fluidized bed. The drying agent enters the drying chamber of the drum dryer through the channels formed by the channel nozzles [6] and the outer cylinder of the drum through the side cavity of the drum (Fig. 5) .
The side cavity of the drum was divided by a partition in such a way that the drying agent entered the channels under the nozzles that are situated under the material while the drum is rotating. The channel nozzle has a gap of constant width. The drying agent enters the drying chamber through this gap and contacts the layer of dispersed material.
Thus, the task is reduced to the calculation of gas distribution with an outflow through the lateral permeable surface, i.e. the layer of the dispersed material. It is possible to make an assumption that the parameters of the drying agent and the height of the bed are constant. Thus, one can calculate the hydrodynamics of the flow of the drying agent. In this case, the bed height may be its height in the middle section of the material flow. The parameters of the drying agent, such as density and kinematic viscosity, are assumed to be constant.
Two models were considered when choosing the mathematical model for the coolant supply from the channel nozzle slit through the bed of dispersed material. The first was the model for calculating the distribution of velocity and pressures along the z-shaped collectors; the second was the model of the constant-section air distributor with a longitudinal slit of constant width.
The hydrodynamic model of the fluidized bed. According to the hydrodynamics of the fluidized bed of the wet solids in rotating drum dryer, the drying agent flows around the particles in the fluidized bed of the granular product and between the particles of the material in the channels [6] .
In this connection, we can point out external (flow-around), internal (filtration), and mixed hydrodynamics problem.
When solving the problem of heat and mass transfer, it is necessary to determine the active surface area of the product or the specific surface area of the bed and the speed with which the drying agent flows around the particles.
When solving the problem of the hydrodynamics of a bed, one has to determine the hydraulic resistance of the bed of the dispersed material. It is necessary to know the characteristics of the pore channel of the bed, its coefficient of the hydraulic resistance, and the flow rate of the drying agent in the channel.
For generality, it is assumed that the flow velocity around the particle and the flow speed in the channel are equal and related to the flow velocity in the direction of filtration in the whole liquidized bed by the ratio:
The tortuosity coefficient ξ is calculated as follows:
The bed voidage ε is the ratio of voids between the particles in the layer and the volume of the bed. It can be expressed as the following ratio:
The specific surface of the material particles in the bed can be calculated through the specific surface of the particles S s and layer porosity ε:
The loss of pressure during the movement of the drying agent through the granular layer can be calculated similarly to the pressure loss in pipelines:
The model of the complex heat and mass transfer. In the general case, when organizing continuous drying of wet solids in a fluidized bed, the coolant is supplied to the drying chamber at the expense of an external heat source (mechanical energy). As a result, there is a continuous forced flow of the heat transfer agent particles around the product. The process of continuous evaporation of moisture from the free surface of the moving material occurs, in this case, in the boundary layer and is caused by velocity and temperature gradients. As a result, there occurs a continuous diffusion flow of the medium. This continuous flow is constantly directed from the surface of the product into the depth of the coolant flow. The difference in the concentration of the vapor-gas mixture near the evaporation surface and in the main heat-wave flow of the coolant leads to a density difference in the vapor-gas mixture. It results in a continuous free natural heat and mass transfer. Fig. 6 demonstrates the external heat and mass transfer under conditions of continuous dehydration as a combination of simple (marginal) modes of motion: forced, free, and diffusive.
To calculate the simultaneous continuous heat and mass transfer processes, we used the method based on the superposition of the absolute values of Nusselt num- ber [9] . In a complex continuous process, the absolute value of the transfer rate is determined according to the projection values of the transfer rate of simple processes onto two mutually perpendicular planes.
The velocity attitude of the forced motion of the medium U Re makes an arbitrary angle φ with the planes, in which the velocity vectors of the free motion U Ar lie. 
If the critical geometrical dimensions of the forced and the free motions are the same (L = L Re = L Ar ), formula (8) coincides with the following relation:
In accordance with the nature of the flow of the medium in the liquidized bed, the calculated relation of the intensity of the continuous transfer of the complex process meets conditions (8) and (10) .
The absolute value of Nusselt number in forced motion conditions is calculated by the formula for the ball: 
where 0,6 < Pr < 8×10 3 and Re < 3×10 5 . In formulae (11) and (12), the critical value is the equivalent particle diameter of the wet solids.
The effective heat transfer coefficient α er is used as a characteristic of heat transfer intensity. It takes into account the total amount of heat spent on continuous drying in a rotating drum dryer.
The effective heat transfer coefficient α er is determined by a nonlinear differential equation, presented in dimensionless form:
where
The solution for the equation (13) is determined by the following power function:
The effective heat transfer coefficient for the fluidized bed of wet solids under continuous dehydration conditions is determined by the following relation:
The model of the drying process in the fluidized bed. Let us consider the general case of an approximate mathematical description of a continuous process of moisture transfer:
where, in terms of optimal control methods [8] , the parameters x 1 and x 2 are phase variables, and U(τ) is the control action.
The system of equations (16) is a combination of the kinetics of the continuous drying and the balance relation of moisture in the material and coolant.
Let us define the optimal control U opt (τ) which transfers the continuous process from -the given initial state:
-and in the specified final state:
so that the functional assumes the minimum value:
Let us establish a function with auxiliary variables λ 0 , λ 1 and λ 2 : 
and write the system of equations for the function λ 1 :
The optimal control of the continuous process results from the condition that the function H has the maximum value:
.
Thus,
The following function solves the equations of the system (7), which describe the kinetics of continuous drying with the boundary condition (8):
In the rotating drum dryer, the dryable product is, as a rule, continuously loaded into the drying chamber on one side and unloaded on the other. The height of the bed at the input exceeds the height of the bed at the output, due to the rotation frequency and the horizontal angle of the drum. In general, the coolant is fed to the drying chamber and passes through the fluidized bed of the bulk material [5] .
To study the dynamics of the continuous dehydration mechanism [9] , the original scheme of interaction of the coolant flow and the fluidized bed of the wet solids moving along the cylindrical surface can be presented as ( Fig. 8) :
For practical calculations, the surface of the fluidized (sliding) bed is represented as a plane, and the cross section of the material flow is represented by a segment of a circle. To describe the continuous drying mode, the continuity equation for the flow of the dryable material can be represented as
Note that the density of the dryable material is the function of its moisture content u:
In rotary drum dryers, the warm-up periods are short, and the drying rate is constant. Hence, the drying rate can be represented as a function of moisture content [10] :
For rotary drum dryers, u = dz/dt. In this case, if we take into account Eq. (25) and Eq. (26), the drying rate can be represented as follows:
The heat is continuously supplied to the dryable product. It heats the material and evaporates the moisture:
In Eq. (29), we point out, first, the heat supplied to the material,
second, the heat spent on heating the mass of absolutely dry material and moisture contained in it,
third, the heat spent on the evaporation of moisture from the material,
Using the continuity equation (25), we express the equation for the temperature of the material through its moisture content:
where c am = c m + c w u.
To formulate the balance of the coolant, we divide the fluidized bed of the material of length l into a bed of infinitely small sections of length Δz. Let us assume that, within each of such moving sections, the material is perfectly mixed and has a constant temperature and moisture content. When moving from section to section, the temperature and the moisture contents of the material change to infinitely small values.
Let us single out one of these sections and consider the material flow in the moving element of the wet solids (Fig. 9) .
The flow G(1 + u) of the wet solids enters the volume of the moving element, and the flow G(1 + u + du) comes out with its moisture content being u + du. The coolant supplied to the fluidized bed is determined by the expenditure function L(z). When they enter the fluidized bed, the moisture content and the temperature of the coolant are constant throughout the whole layer. They are functions of the z coordinate at the output. The amount of moisture evaporated from the elementary volume of the material equals the amount of moisture absorbed by the coolant that enters the elementary volume:
The heat balance equation is similar to the moisture balance equation (26) for the elementary volume:
where i = (c m + c w u) is the enthalpy of the material; I = c hc t + (r + c s t)x is the enthalpy of the coolant; c hc , c s is specific heat capacity of the coolant and the steam. Thus, the continuous drying process on a cylindrical surface can be approximately described by a system of ordinary differential equations:
with initial conditions
and a system of balance relations obtained after Eq. (35) and Eq. (36) were integrated with initial conditions x(0) = x i and t(0) = t i :
Upon integrating Eq. (37), we receive an analytical expression for the moisture content of the material in the coordinates of the length of the rotating drum:
where m = a(u i -u e )/ρ(u i ); n = b(u i -u e )/ρ(u i ); α = Kρ(u e )V(z)/q i ; q i = G(1 + u e ); ρ(u e ) = a -bu p ; ρ(u e ) = a -bu i ; V(z) is the volume of the fluidized bed from the upload point to the coordinate z. Unlike Eq. (37). Eq. (38) makes it possible to obtain an analytical solution only with the assumption that the heat capacity of the product remains average. If we agree that c = c m + c w u am , where u am is the average moisture content of the material, we obtain the following equation: (43) where dT/du = ν(dT/dτ).
By integrating Eq. (43) with the initial condition T(0) = T i , we get:
where φ(u) = (u -u e ) / (u i -u e ).
Formula (44) gives us values that are close to those we obtain after integrating Eq. (37), while the ratio error does not exceed 2.0%. This allows us to declare Eq. (43) and its analytical solution (44) applicable for analytical studies of continuous dehydration in a fluidized bed of bulk material.
Eqs. (37), (38), (40), and (41) make it possible to calculate the moisture content and the temperature of the dryable product in the fluidized bed along the length of the drying drum. We know the values of moisture content and coolant temperature only at the surface of the material. To calculate the parameters of the coolant at the outlet of the drying drum, we use the formulae for coolant mixing [11] .
The equations for the moisture content and the temperature of the coolant at the outlet from the elementary volume of the fluidized bed (Fig. 9) can be formulated on the basis of Eqs. (31) and (32), if we assume that the temperature t j and the moisture content x j of the coolant at the outlet from the elemental volume are constant, and the coolant rate through this elementary volume is the difference in rates dL j = L j + 1 -L j , where L j is the coolant rate when it is supplied to the fluidized bed in the section [0, z j ]:
The values of moisture content and the temperature of the coolant at the outlet of the drying chamber are calculated from the parameter values of the coolant flows that are coming out of all the elementary volumes of the fluidized bed, according to using the mix formulae of the flows:
If we use Eq. (42) and take into account that the kinetics of continuous drying is described by Eq. (27), while the flow of the bulk material moving on the cylindrical surface is presented as an ideal extrusion model (25), we can determine the equation of the effective continuous drying coefficient:
Relation (50) differs from others that determine the coefficient of drying. It is based on the analysis of the mechanics of a fluidized bed of wet solids on a cylindrical surface with regard to the continuous dehydration.
The model of the technical and economic characteristics. To assess the energy performance of a drying unit with the convective method of heat supply, one can assess the use of the drying agent. The energy losses are determined by the difference between the amount of the supplied and the usable energy [11, [12] [13] [14] [15] .
Various coefficients of efficiency are used as energy criteria. In the general case, they are defined as the ratio of the usable energy E 1 to the expended energy E 2 :
(51)
For a convective drying process, the energy efficiency can be expressed by the following relation:
The thermoeconomic analysis combines exergy analysis and economic optimization. The criterion for the thermoelectric optimization is a composition of additive functions. These functions should quantify the exergy, the equipment costs, etc.
The most general formula for the so-called thermoelectric criterion is Minimum estimated volume flow rate of the drying agent m Tortuosity coefficient of the channels The rest Table 2 RESULTS
AND DISCUSSION
The research was based on the informational and structural scheme of a convective drying unit model. For all its components, we developed the mathematical models in accordance with the analytical multimodel system for the continuous drying process of wet solids in a fluidized layer. As a result, we constructed an automated calculation system for the continuous process of convective drying, which can be applied to a rotary drum dryer (Tables 1 and 2 ).
The practical result of the study consisted in assessing and comparing the quality indicators of sunflower seeds of natural moisture. First, one sample of sunflower seeds was dried on an experimental drum dryer with a channel nozzle. Second, another sample was dried on an industrial drum dryer with a lifting vane system at the vegetable oil plant ZAO ZRM Bobrovsky. Finally, the experimentally obtained results were compared with the computed results obtained from the mathematical model.
The experimental data show ( Table 3 ) that after the sunflower seeds were dried in a drum dryer with a channel nozzle, the difference between the maximum and minimum humidity of individual seeds decreased by 2.34 times. This can be explained by the same residence time in the drying zone and the uniform distribution of the coolant flow in the fluidized bed.
The effect of the drying mode on the change in the quality of oil in the sunflower seeds (Table 4 ) was measured by changing the acid, peroxide, and iodine numbers at a different initial seed moisture. The heating temperature did not exceed the maximum permissible temperature for the particular humidity. It ensured the inactivation of enzymes, i.e. lipase and lipoxygenase. Table 4 shows that the acid values of the oils in the studied modes were somewhat reduced. This can be explained by the fact that low molecular organic acids were distilled together with the water steam during the drying process. The peroxide numbers somewhat increased with increasing temperature, which can be explained by the catalytic effect of temperature on fat oxidation due to the presence of oxygen in the air. The iodine numbers decreased with increasing temperature. This resulted from the chemical reactions of breaking double bonds in the carbon chain of the fats and the addition of organic compounds and radicals that were present in the air. Table 5 features some results of the comparative production tests. They confirm the fact that the temperature of the drying agent destroys protein structure. The number of damaged sunflower seeds when dried in a dense ventilated bed of moving seeds is significantly lower than in the fluidized bed.
The analysis of the physicochemical parameters of the oil suggests that the structure of the drying agent largely determined the quality of the dried sunflower seeds: acid, peroxide, and iodine numbers decreased by 12, 24, and 9% respectively.
If we compare the data obtained from the practical tests and from the model (Table 1) , we can conclude that the results are reproducible. The following optimal values were also obtained while solving the problem of convective drying optimization: the initial moisture content of sunflower seeds was 16-17%; the temperature of the drying agent in the bed was 66-67%; the consumption of drying agent was (3.2-3.4)×10 -2 m 3 /sec; the angle of the drum was 0.61-0.70 rad; the drum rotation frequency was 3.6-4.2 min. These results agreed with the data of the model presented in Table 2 .
CONCLUSION
The proposed multimodel system of non-stationary drying processes for bulk materials has a number of advantages. First, it leads to a block-modular construction and expedient aggregation of rotary drum dryers. Second, it optimizes the allowances on the inputs and outputs of technological operations and links them together. Third, it develops requirements for the quality of raw materials and environmental conditions, in terms of the high efficiency of the organization of its processing.
Thus, when studying the specifics of heat transfer between the coolant and the solid particles of bulk material in a rotary drum dryer, most researches determine the average values of heat transfer coefficients. The proposed approach for calculating the effective heat transfer coefficient in a fluidized bed provides the required reproducibility and differs from the experimental data by no more than 2.0% ( Table 2 ).
The energy performance of rotary drum dryers with a convective method of heat supply can be assessed according to the degree of the coolant use. The energy losses are determined by the difference between the amount of supplied and usable energy. It is more difficult to determine the optimal variant if it is necessary to satisfy several efficiency conditions. In this case, one should use compromise criteria, e.g. capital and energy costs, capacity, quality of the finished product, reliability of the management system, level of environmental safety, etc. 
